The doped perovskite cobaltite La 1-x Sr x CoO 3 (LSCO) has been advanced as a model system for studying intrinsic magnetic phase separation. We have employed a first-order reversal curve (FORC) method to probe the amount of irreversible switching 
I. Introduction
Magnetoelectronic phase separation is a recurring theme in the physics of complex oxides such as cuprates, manganites and cobaltites, and is thought to play a key role in the understanding of some of their most attractive properties, such as high temperature superconductivity (HTS) 1, 2 and colossal magnetoresistance (CMR). [3] [4] [5] [6] Essentially, the close competition between various ground states with distinct electronic and magnetic properties leads to the spatial coexistence of multiple phases, even in the absence of chemical inhomogeneity. 3, 7 Taking manganites as an example, this magnetoelectronic phase inhomogeneity has been observed in many materials systems, using numerous experimental methods. These techniques include direct spatial probes [e.g. scanning tunneling microcopy (STM) and spectroscopy (STS), [8] [9] [10] [11] transmission electron microscopy (TEM), 12, 13 and magneto-optical imaging 14 ], diffraction and scattering techniques [e.g. neutron diffraction and small-angle neutron scattering (SANS) 12, [15] [16] [17] [18] [19] [20] ], resonance techniques [e.g. nuclear magnetic resonance (NMR) 21, 22 ], as well as numerous less direct probes such as magnetometry, [3] [4] [5] transport, [3] [4] [5] and electrical noise. 23 It is important to note that this phase separation is also the subject of intense investigation from the theoretical point of view and that its existence can be reproduced with relatively simple models. 5, 7, 24 Doped perovskite cobaltites, which have been the subject of far less investigation than their extensively studied manganite counterparts, 12, 13, 20, 25, 26 offer some unique opportunities for fundamental investigations of correlated electron oxides. This stems from two important features of perovskite oxides; (i) they possess an additional degree of freedom associated with the Co ion spin state (which cannot be accessed in manganites 3 of 30 and cuprates), and (ii) they exhibit a particularly clear and simple form of magnetic phase separation. 12, 13, 25, 26 It has been recently proven by TEM, 12, 13 SANS, 26 and NMR, 27, 28 that at low doping (x < 0.18) the canonical doped perovskite cobaltite La 1-x Sr x CoO 3 (LSCO) phase separates into ferromagnetic (FM) metallic clusters embedded in a non-FM insulating matrix. As x increases these clusters become more populous leading to a simple coalescence into a long-range ordered FM network and a coincident percolation transition to a metallic state at x ≥ 0.18. 25, 29 In contrast to many manganite systems this occurs in the absence of any structural phase transition, and the FM and non-FM phases share the same crystal symmetry (LSCO is rhombohedral at x < 0.30). 12, 25, 29 This implies that complicating effects due to elastic or magnetoelastic considerations are unlikely to be as important. Moreover, the experimental evidence clearly indicates that the phase inhomogeneity in LSCO occurs on a nanoscopic scale (of the order of 10-30 Å cluster diameters). 26 It is therefore consistent with simple electrostatic considerations for intrinsic magnetoelectronic phase separation. 5, 7 This is clearly different from many manganite systems where the phase separation can occur on mesoscopic length scales. 5, 7 Indeed, the LSCO system has recently been employed by some of us to elucidate the physical consequences of the existence of this spontaneous nanocomposite. 26 We have found that at x < 0.18, where a dense matrix of FM clusters forms in a non-FM matrix, one can observe a giant magnetoresistance-type effect due to field induced alignment of FM clusters. 26 In addition, we have also noted that this situation is analogous to that obtained in relaxor ferroelectrics and that this leads to glassy transport phenomena in this material. 30 4 of 30 
This value can be used to compare how the amount of irreversible magnetization varies with sample (different Sr doping) and under different conditions (cooling fields, temperatures, etc.). It is important that the data is properly scaled, or normalized, to ensure meaningful comparisons between measurements. Finally we will compare the amount of irreversible magnetization determined from the FORC measurements to values from previous La NMR data.
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III. Results
A. Effect of Sr doping
The FORC's, along with the major hysteresis loops, were first measured for each of the different Sr doping levels in LSCO. These measurements were carried out after zero-field cooling to 35 K and a nominal field step size of 25 Oe was used during the FORC measurement. Using the same contour weightings for all samples allows us to clearly visualize the changes in FM behavior as the doping is varied.
For the lowest doping level, x = 0.10, the FORC distribution (Fig. 1b) is relatively featureless in comparison to the other samples. The maximum ρ is ~7.2x10 particle interaction). 37 The pattern shown in Fig. 1d agrees well with the clustered phase described earlier where short ranged FM clusters exist in a non-ferromagnetic matrix. 27 The large aspect ratio of the peak, and the large spread in H c vs. small spread in H b , indicate that the FM clusters are largely non-interacting. Furthermore, the average cluster size, previously reported to be on the order of 10 -30 Å at low temperatures, 26 is related to the peak position in H c . The much larger average coercivity compared to the other samples suggests that the clusters are large enough to withstand thermal fluctuations, but are still isolated so that the coercivity is enhanced due to magnetization reversal by rotation. This is analogous to the maximum coercivity enhancement seen in certain size fine magnetic particles: the coercivity decreases in larger particles due to the formation of a multi-domain state, but decreases in smaller particles due to thermal fluctuations. 43, 44 When the doping level is increased beyond x = 0.18, the saturation magnetization (Fig. 1f) , and that for x=0.50 has a value of 1.2x10 -4 , located at H c = 0.2 kOe and H b = -0.1 kOe (Fig. 1h) . This plot clearly shows the dominance of the FM phase fraction with increased doping.
B. Effect of field cooling
We have also studied whether the procedure by which we cool to 35 K has any impact on the reversal behavior. Previous work has shown an appreciable difference between the zero-field cooled (ZFC) and field cooled (FC) spontaneous magnetizations. 25 While most of those measurements were made in a cooling field of only 10 Oe, we maximize our chance of observing any difference in the switching behavior by cooling in a large field of 18 kOe. Besides the applied cooling field, these FORC measurements were made using the same parameters as the ZFC measurements.
Initial inspection of the contour plots of the FORC distribution showed little appreciable difference between the ZFC and FC measurements. To make a closer comparison between the two measurements, we project the FORC distribution onto both 
C. Effect of Temperature
We have also studied how increasing the temperature affects the reversal behavior and the corresponding FORC distribution. Previous work with La NMR and SANS has allowed us to measure the non-trivial temperature dependences of the FM phase fraction and the average FM cluster size, information that could be correlated with the FORC results. [26] [27] [28] We measured the FORC distributions for one sample in the clustered phase with x = 0.15 ( Fig. 4) and one sample in the long-range ordered FM phase with x = 0.30 ( 
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For x = 0.15, the main feature of the FORC distribution is spread over roughly 3 kOe along H c at 35 K (Fig. 4b) , but rapidly becomes narrower with a spread of less than 1 kOe at 60 K (Fig. 4d) . Correspondingly, the major loops for these samples show a drastic reduction in the coercivity (Figs. 4a, 4c, & 4e) . Projecting the FORC distribution onto H b (Fig. 5a) shows a monotonic decrease in the peak-width while remaining centered on 0
Oe. This indicates that the already limited cluster-cluster interaction becomes even weaker and eventually vanishes near 150 K. This is in remarkable agreement with SANS data showing that the first indications of FM cluster nucleation occur at 150 K for x = 0.15. 26 The projection onto H c (Fig. 5b) shows that the peak moves closer to H c = 0 Oe, again with a monotonic decrease of the peak-width. Hence, the FORC distribution becomes localized about the origin, showing the weakening of FM ordering within the clusters.
For x = 0.30, the sample exhibiting long-range order, the FORC distribution ρ approaches the origin more gradually, maintaining the downward curve in the contour plots until 200 K (Fig. 6) . With increasing temperature, the negative bias in ρ(H b )
decreases, along with a monotonic decrease of the peak-width (Fig. 7a) . This trend is in contrast to that of the unbiased ρ(H b ) shown in Fig. 5a , indicating an overall stronger interaction amongst constituents. The coercivity and its spread both decrease at higher temperatures, and finally disappear above 200 K (Fig. 7b) , indicating the expected FMparamagnetic transition.
As the features for both samples become more localized, the amount of irreversible magnetization is expected to decrease with increasing temperatures. This is indeed observed by integrating over the FORC distribution for each sample using equation 2 (Fig. 8) . Here the M IRREV is normalized to the saturation magnetization at each temperature M S (T). The decrease is rather drastic for the x = 0.15 sample (Fig. 8a) with the fraction of irreversible magnetization leveling off at a very small value between 100 K and 150 K, again consistent with earlier SANS result. 26 Interestingly, the x = 0.30 sample (Fig. 8b) shows a slight increase in M IRREV prior to a more convex decrease to near zero at 210 K. This will be discussed below. Note that previous measurements indicate a bulk T C of 220 K. 25 The data for M IRREV /M S versus temperature are plotted along with previous La NMR data 28 showing the fraction of FM-phase material at different temperatures.
Unfortunately x = 0.15 NMR data is not available so the FORC distribution is compared against the NMR data for x = 0.10 ( Fig. 8a) phase conversion from glassy to FM phases due to a spin-state transition near 80 K. 28 The decrease in the amount of irreversible switching at higher temperatures is consistent with the bulk T C of 220 K. It is noteworthy that M IRREV /M S falls below the La NMR data at high T and that the NMR data appear to indicate that the FM phase fraction persists above the bulk T C . This is due to the existence of isolated FM clusters even above T C , which do not contribute to the amount of irreversible switching.
IV. Conclusions
We have studied a series of magnetically phase separated Solid line is a guide to the eye. H c . A monotonic decrease in the peak width and reduction of the magnitude is seen in (a), whereas (b) shows the peak in coercivity moving towards zero. Superimposed is the FM-phase fraction determined from La NMR, 28 showing good agreements between the two.
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